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In  the  present  study,  LiMn204  cathode  powders  were  coated  with  aluminum  and  gallium  using  a  solution 
method  with  two-stage  surface  modification  to  obtain  a  Mn-based  powder  with  an  Al— Ga  surface 
modification  layer  (MAG).  It  was  found  that  the  MAG  powders  have  a  higher  capacity  and  excellent  cycle 
characteristics  at  55  °C  at  various  current  rates,  and  that  the  Al-Ga  coating  layer  inhibits  the  precipi¬ 
tation  of  Mn  ions,  which  increases  the  stability  of  the  structure.  In  addition,  although  low  temperatures 
generally  lead  to  a  reduction  of  conductivity  and  capacitance,  the  Al-Ga  coating  layer  gives  the  MAG 
powders  low-temperature  resistance,  with  charge-discharge  characteristics  better  at  -30  °C.  The  Al-Ga 
surface  modification  coating  layer  of  LiMn204  powder  is  the  LiMn2_x_3/AlxGay04  phase,  which  reduces 
the  negative  impact  of  temperature  variation.  As  a  result,  the  MAG  powders  can  be  used  for  high  C-rate 
charging-discharging. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

LiMn204  cathode  powder  is  safe,  inexpensive,  tolerant  of  high 
working  voltages,  and  process-stable  [1-3  .  It  is  widely  accepted 
that  LiMn204  cathode  powder  improves  capacitance  and  cycle  life 
by  controlling  the  lattice  structure;  however,  its  high  processing 
cost  has  limited  its  potential  market  applications  [1—2].  LiMn204 
powder  at  high  temperatures  (55  °C)  and  high  current  rate  (C-rate) 
charge-discharge  processes  suffers  from  structural  disintegration 
and  capacity  decay  [3-5  .  Previous  studies  on  this  material  have 
mostly  focused  on  doping  or  surface  treatments  to  improve  the 
charge-discharge  cycle  characteristics,  but  these  processes  have 
done  little  to  improve  high-temperature  and  high  C-rate  char¬ 
ge-discharge  performance  [6,7  .  Various  surface  modification 
coating  methods  have  been  applied,  such  as  the  hydrothermal 
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method,  spray  drying,  the  sol-gel  method,  and  spray  pyrolysis 
[8-11  .  The  solution  method  has  been  found  to  be  simple  and 
stable.  Recently,  Kang  showed  [12]  that  Ti02-coated  LiMn204 
cathode  powders  prepared  using  in  situ  spray  pyrolysis  have  high 
charge-discharge  capacities  and  good  cycling  properties  at  room 
temperature.  Therefore,  cathode  powders  coatings  can  improve 
electrochemical  properties.  Furthermore,  aluminum  coatings  can 
effectively  enhance  performance  during  high-temperature  cycling 
[13].  Furthermore,  adding  gallium  helps  increase  capacity  [14].  In 
the  present  study,  lithium  manganese  oxide  powder  (manganese- 
based  powder,  Mn  based)  is  synthesized  via  a  solution  method  that 
uses  a  two-stage  coating  of  Al  and  Ga  on  the  surface  of  the  powders 
to  obtain  an  MAG  powder  (Mn-based  Al-Ga).  The  coating  mecha¬ 
nisms  and  charge-discharge  characteristics  at  high  C-rates  of  the 
MAG  powder  are  investigated. 

In  addition  to  high-temperature  applications,  this  research  can 
improve  the  low-temperature  characteristics  of  lithium  batteries 
[15-16  .  Few  studies  have  examined  the  effect  of  temperature  on 
electrodes.  This  study  analyzes  the  temperature  effect  (from  55° 
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to  -30  °C)  on  the  charge  and  discharge  cycles  of  MAG  electrodes. 
The  effect  of  temperature  on  the  electrochemical  properties  of  the 
Al-Ga  surface  coating  layer  is  discussed. 

2.  Experimental  procedure 

2.1.  Powder  preparation 


manganese  oxide  (MA)  powder  and  citric  acid  mixed  with 
Ga(N03)3  were  used  as  precursors.  In  both  coating  stages,  the 
powders  were  stirred  at  400  rpm  at  80  °C  for  100  min.  The  powder 
was  then  dried  at  300  °C  for  3  h,  and  then  calcined  at  870  °C  for  12  h 
in  air.  The  MAG  powders  were  obtained  after  subsequent  grinding 
and  sifting.  The  surface  of  the  MAG  powder  had  an  A1  content  of 
0.33-0.81  at.%  and  a  Ga  content  of  0.86-6.95  at.%. 


LiMn204  cathode  powders  were  synthesized  following  solid- 
state  reactions  used  in  previous  studies  [17  .  The  solution  method 
was  then  used  to  apply  an  aluminum  coating  (first  stage)  followed 
by  a  gallium  coating  (second  stage)  on  the  surface  of  the  lithium 
manganese  oxide  powder  to  obtain  a  cathode  powder  with  an 
aluminum-gallium  surface  modified  layer  (MAG).  The  character¬ 
istics  of  the  MAG  powder  were  analyzed  using  scanning  electron 
microscopy  (SEM),  X-ray  diffraction  (XRD),  X-ray  photoelectron 
spectroscopy  (XPS),  transmission  electron  microscopy  (TEM),  and 
Auger  electron  spectroscopy  (AES).  The  resistance  and  performance 
of  the  electrode  were  measured  in  terms  of  cycle  performance  and 
charge-discharge  curves  of  various  C-rates.  The  electrochemical 
effects  (precipitation  of  manganese  ions,  electrochemical  imped¬ 
ance  analysis,  ionic  conductivity  of  the  electrolyte,  temperature) 
were  also  investigated. 

For  the  aluminum  coating,  citric  acid  mixed  with  A1(N03)3  was 
used  as  a  precursor.  For  the  gallium  coating,  the  aluminum  lithium 


Fig.  1.  Surface  features  of  powders:  (a)  LiMnO  (M),  (b)  A1  coating  LiMnO  (MA). 


2.2.  Battery  test 

To  perform  the  charge  and  discharge  tests,  an  HA-CELL  was 
assembled  [17].  Tests  were  performed  at  low  temperatures 
(-30  °C,  -15  °C,  0  °C),  room  temperature  (25  °C),  and  high  tem¬ 
perature  (55  °C).  The  actual  capacity  of  the  lithium  manganese 
oxide  was  selected  in  110  mAh  g_1  of  1  C.  The  C-rate  in  the  high 
temperature  test  was  0.2  C  ~  5  C.  The  charge-discharge  tests  at 
room  temperature  and  low  temperatures  used  a  fixed  rate  of  0.2  C. 

3.  Results  and  discussion 

3.2.  Charge-discharge  characteristics  of  aluminum- coated  LiMnO 
powders  at  high  temperature  (55  °C) 

Fig.  la  and  b  respectively  shows  the  features  of  the  lithium 
manganese  oxide  (M)  powder  and  aluminum-coated  lithium 
manganese  oxide  (MA)  powder  obtained  using  the  solid-state  re¬ 
action.  The  particle  size  of  both  powders  is  approximately 
0.4-32  pm.  The  energy-dispersive  spectroscopy  (EDS)  analysis  re¬ 
sults  of  M  and  MA  are  shown  in  Table  1.  The  A1  content  of  MA 
powder  in  the  LiMnO  structure  is  1.04  at.%.  XRD  patterns  are  shown 
in  Fig.  2,  which  indicate  that  M  and  MA  are  LiMn204  with  a  cubic 
spinel  structure  17]. 

Fig.  3a  and  b  respectively  shows  the  charge  and  discharge  curves 
for  various  C-rates  at  55  °C.  At  higher  C-rates,  the  reaction  time  of 
lithium  ions  decreases,  decreasing  capacitance.  Notably,  the 
discharge  capacity  of  M  is  71  mAh  g-1  and  that  of  MA  is  82  mAh  g_1 
(15.5%  higher)  for  a  C-rate  of  5  C.  The  main  reason  is  that  the  Al3+ 
coating  shortens  the  distance  between  Mn3+  and  Mn4+,  and  reduces 
the  lattice  parameter  and  increases  the  conductivity  of  LiMnO  [17,18]. 


Table  1 

Chemical  composition  and  symbol  of  Al-coating  Li— Mn— O  powders. 


Symbol 

A1  (at.%) 

Mn  (at.%) 

O  (at.%) 

M 

0 

60.22 

39.78 

MA 

1.04 

62.71 

36.25 
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Fig.  3.  The  charge  and  discharge  curves  at  different  C-rates  at  55  °C:  (a)  M,  (b)  MA. 


3.2.  Characteristics  of  Al-Ga-coated  LiMnO  powder 

Fig.  4a  and  b  respectively  shows  the  surface  morphologies  of 
MAG  powder  and  high-Ga  content  (MAHG)  powder.  The  particle 
size  of  both  powders  is  approximately  0.4-32  pm.  EDS  analysis 
results  of  MAG  and  MAHG  are  shown  in  Table  2.  The  Ga  content 
levels  of  MAG  and  MAHG  are  0.86  and  6.95  at.%,  respectively, 
confirming  that  Ga  was  present  in  the  powders.  XRD  patterns  of  the 
powders  are  shown  in  Fig.  5,  which  indicate  that  MA  and  MAG  are 
LiMn204  with  a  cubic  spinel  structure.  A1  and  Ga  thus  do  not  change 
the  cubic  spinel  structure.  However,  the  MAHG  powder  forms  a 
new  Ga203  phase,  which  has  a  negative  effect  on  the  material's 
electrochemical  properties. 


Fig.  4.  Surface  features  of  powders:  (a)  Ga  coating  LiMnO  (MAG),  (b)  High  Ga  coating 
LiMnO  (MAHG). 


Table  2 

Chemical  composition  and  symbol  of  Al— Ga  coating  Li— Mn— 0  powders. 


Symbol 

Al  (at.%) 

Ga  (at.%) 

Mn  (at.%) 

O  (at.%) 

MAG 

0.81 

0.86 

63.16 

35.18 

MAHG 

0.33 

6.95 

62.26 

30.46 

3.3.  Bonding  properties  and  phase  analysis  ofMA  and  MAG 
powders 

Surface  coating  modification  affects  the  oxidation  state  of  the 
manganese  ions  and  the  bonding  energy  on  the  surface.  XPS  was 
used  for  elemental  energy  spectrum  analysis.  Fig.  6a  shows  the 
Mn  2p  spectra  of  M,  MA,  and  MAG  powders.  Some  small  changes 
in  the  three  spectra  of  manganese  can  be  seen.  According  to  the 
literature  [18,19  ,  the  Mn  2p3/2  spectrum  is  characterized  by 
Mn2+  (640.3  eV),  Mn3+  (641.8  eV),  and  Mn4+  (642.8  eV)  peaks. 
From  the  curve  fittings  of  the  three  peaks,  the  integral  intensity 
areas  can  be  analyzed  to  determine  the  concentrations  of  Mn2+, 
Mn3+,  and  Mn4+,  and  thus  the  percentage  of  the  oxidation 
states. 

Fig.  6b  shows  the  Mn  2p3/2  spectra  of  M,  MA,  and  MAG  powders. 
Compared  to  M,  the  Mn2+  concentration  for  MA  decreased  from 
11.9%  to  5.2%,  the  Mn3+  concentration  decreased  from  44.8%  to 


Fig.  5.  XRD  of  Al-coating  LiMnO  (MA),  Ga  coating  LiMnO  (MAG)  and  high  Ga  coating 
LiMnO  (MAHG)  powders. 
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42.9%,  and  the  Mn4+  concentration  increased  from  43.3%  to  51.9%. 
The  main  reason  for  these  changes  is  that  Al3+  replaces  Mn3+  on  the 
surface  of  the  M  powder  after  A1  coating,  decreasing  the  Mn3+ 
concentration  and  increasing  the  Mn4+  concentration.  This  im¬ 
proves  the  manganese  oxidation  state  of  the  MA  powder.  Further, 
compared  to  MA,  the  Mn2+  concentration  for  MAG  decreased  from 
5.2%  to  4.0%,  the  Mn3+  concentration  decreased  from  42.9%  to 
40.5%,  and  the  Mn4+  concentration  increased  from  51.9%  to  55.5%. 
The  reason  for  these  changes  is  that  Ga3+  replaces  Mn3+  on  the 
surface  of  the  powders,  decreasing  the  Mn3+  concentration  and 
increasing  the  Mn4+  concentration  after  Ga  coating.  This  makes  the 
oxidation  state  of  manganese  ions  of  MAG  powder  to  be  greater 
than  that  of  MA  powder.  The  valence  of  MAG  powder  is  close  to  that 
of  positive  tetravalent  ions. 

For  phase  structure  analysis,  Fig.  7a  shows  the  bright-held  (BF) 
image  of  MA.  In  the  rectangular  area  (Fig.  7b),  the  line  profile  dis¬ 
tribution  from  A  to  B  shows  the  percentage  of  aluminum  atoms  to 
be  about  3  at.%  or  less,  randomly  distributed  on  the  surface  of  the 
MA  powder.  TEM  and  EDS  results  confirm  that  A1  coated  the  surface 
of  the  powders  (Fig.  7c).  Fig.  8a  shows  the  bright-held  image  of 
MAG.  The  selected-area  electron  diffraction  pattern  shown  in 
Fig.  8b  shows  (111)  and  (220)  planes  of  the  zone  axes,  indicating  a 
cubic  spinel  structure  of  Fd3m  (consistent  with  XRD  analysis). 
Fig.  8c  shows  the  range  of  line-scans  from  A  to  B,  indicating  that  the 
aluminum  and  gallium  atomic  percentages  are  about  1-3  at.%,  and 
are  randomly  distributed  on  the  surface  of  the  powders  (Fig.  8d). 
Inductively  coupled  plasma  (ICP)  results  of  MA  and  MAG  are  shown 
in  Table  3.  The  average  content  levels  of  A1  and  Ga  are 
1.06-1.31  at.%. 


Fig.  6.  X-ray  photoelectron  spectroscopy  (XPS)  of  powders:  (a)  manganese  (Mn2p),  (b) 
manganese  (Mn2p3/2). 
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Fig.  7.  Transmission  electron  micrograph  (TEM)  of  MA  powders:  (a)  bright  field  (BF),  (b)(c)  line-scan  of  Al  in  a  rectangular  area. 
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Fig.  8.  Transmission  electron  micrograph  (TEM)  of  MAG  powders:  (a)  bright  field  (BF),  (b)  selected  area  electron  diffraction  pattern  (SAED),  (c)(d)  line-scan  of  A1  in  a  rectangular 
area. 


3.4.  Charge-discharge  cycle  characteristics  of  MAG  powders  at 
various  C-rates  and  temperatures 

Fig.  9a  shows  the  first  charge-discharge  curve  (55  °C).  It  can  be 
seen  that  the  MAG  powder  has  a  high  initial  capacity  (111  mAh  g-1 ). 
Based  on  previous  studies  [12,20]  and  relevant  circuit  theory  [21], 
the  charge-discharge  curves  of  MAG  indicate  a  small  voltage 
change.  For  a  given  C-rate,  the  internal  resistance  of  the  MAG-based 
battery  is  less  than  that  of  the  MA-based  battery,  indicating  that 
Ga3+  substitution  of  Mn3+  increases  the  electrode  conductivity, 
eases  Li  ion  migration,  and  improves  capacity.  The  MAHG-based 
battery  has  a  lower  initial  capacity  (58  mAh  g_1),  and  its  internal 
resistance  is  higher  than  that  of  the  MAG-based  battery.  This  result 
decreases  the  conductivity  of  the  electrode  and  reduces  its  capac¬ 
itance.  The  main  reason  is  that  the  MAHG  sample  contains  some 
Ga203  in  a  non-active  phase,  so  it  does  not  contribute  to  Li  ion 
migration.  Fig.  9b  and  c  shows  the  coulombic  efficiency  and 
retention,  respectively.  The  MAG  and  MA  powders  have  similar 
coulombic  efficiency  and  retention  values.  Notably,  the  Ga203 


Table  3 

ICP  of  MA  and  MAG  powders. 


Symbol 

A1  (at.%) 

Ga  (at.%) 

MA 

0.89-1.72  (ave:1.28) 

— 

MAG 

0.72-1.41  (ave:1.06) 

0.90-1.53  (ave:1.31) 

phase  of  MAHG  leads  to  lower  coulombic  efficiency  and  retention.  A 
compared  of  the  relevant  literature  [12]  and  MAG,  the  MAG  pow¬ 
ders  have  better  charge-discharge  capacities  for  high  C-rates.  The 
Al-Ga  coatings  thus  improved  the  electrochemical  properties  of 
the  LiMn204  cathode  powders. 

The  ICP  data  ( Fable  4)  show  that  M  and  MAG  powders  had  the 
highest  and  lowest,  respectively,  precipitation  content  levels  of 
manganese  ions  at  high  temperature  (55  °C).  The  Al-Ga  layer 
effectively  reduces  the  corrosion  of  lithium  manganese  oxide 
caused  by  electrolytes. 

A  comparison  of  Figs.  3  and  10  indicates  that  MAG  has  the 
highest  discharge  capacity  at  5  C  (MAG:  91  mAh  g_1,  MA: 
82  mAh  g-1,  M:  71  mAh  g'1).  The  capacity  of  MAG  was  increased 
due  to  its  smaller  lattice  constant,  Ga3+  doping,  and  the  shortened 
distance  between  Mn3+  and  Mn4+. 

In  the  low-temperature  test,  a  four-point  probe  and  a  conduc¬ 
tivity  meter  were  used  to  measure  the  resistance  of  electrolytes  and 
ion  conductivity.  Fig.  11a  and  b  respectively  shows  the  initial 
discharge  capacity  and  the  ionic  conductivity  of  the  electrolytes  at 
various  temperatures.  The  figures  confirm  that  the  ionic  conduc¬ 
tivity  of  the  electrolytes  is  proportional  to  temperature;  a  lower 
temperature  decreases  the  migration  of  Li  ions  and  thus  degrades 
capacity.  Notably,  the  capacity  of  MAG  was  84  mAh  g_1  at  -15  °C. 
Fig.  11c  shows  that  the  MAG  electrodes  had  higher  conductivity  at 
low  temperatures.  This  is  due  to  the  Al-Ga  layer  mitigating  the 
decrease  of  its  low-temperature  capacity. 
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Fig.  10.  The  charge-discharge  curves  of  different  C-rates  at  55  °C  for  MAG  specimens. 
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Fig.  9.  The  high  temperature  test  (55  °C)  of  powders:  (a)  the  first  charge-discharge 
curve,  (b)  coulombic  efficiency,  (c)  retention. 
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Table  4 

The  precipitation  content  of  manganese  ions  of  all  specimens  in  electrolyte  at  high 


temperature  55  °C. 

Sample 

M 

MA 

MAG 

Mn  (ppm) 

20.74 

16.96 

9.85 

,q4| - , - , - , - 1 - 1_ 

-30°C  -15°C  0°C  25”C  55”C 

(C) 


Fig.  11.  Effect  of  temperatures  for  MA  and  MAG:  (a)  the  initial  discharge  capacity  in 
0.2  C,  (b)  the  ionic  conductivity  of  electrolyte,  (c)  the  resistance  of  powers. 
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Table  5 

Free  energy  of  compounds  for  the  Al— Ga  modification  layer 
at  800  K  [22-24]. 


Compounds 

AG  (kj  mol  :) 

AI2O3 

-417 

Ga2C>3 

-281 

Li20 

-87 

MnO 

-107 

MnO  (A1203) 

-533 

LiMn204 

-1576 

3.5.  Formation  mechanism  of  Al-Ga  surface  modification  coating 
layer 

The  free  energy  of  related  compounds  at  the  coating  surface  of 
the  Al-Ga  modification  layer  at  800  I<  is  shown  in  Table  5  [22-24]. 
MnO  has  a  higher  activity  level  than  that  of  AI2O3  [23  .  During  the 
Al  coating  process,  MnO  reacts  first  with  A1203  and  then  with  Li20 
to  form  an  aluminum  surface  layer  (LiMn2_xAlx04)  on  the  MA 
powder.  The  schematic  of  the  coating  process  is  shown  in  Fig.  12a. 

During  the  Ga  coating  process,  LiMn2_xAlx04  has  the  lowest 
activity  level.  Ga203  reacts  first  with  MnO  and  then  with  Li20, 
forming  a  modified  layer  of  gallium  (LiMn2_yGay04).  In  this  2-stage 


of  Al-Ga  coatings,  the  MnO  on  the  surface  reacts  with  Al  and  Ga  to 
form  a  modified  surface  layer  (MnAlGaO)  during  the  coating  pro¬ 
cess.  The  coatings  decrease  the  concentration  of  Mn2+.  Al3+  and 
Ga3+  only  change  the  concentrations  of  Mn3+  and  Mn4+;  therefore, 
the  2-stage  coating  forms  a  modified  LiMn2_x_yAlxGay04  coating 
layer.  The  schematic  of  the  coating  process  is  shown  in  Fig.  12b.  This 
surface  coating  layer  improves  the  high-temperature  char¬ 
ge-discharge  performance  and  low-temperature  characteristics. 

4.  Conclusion 

LiMn204  cathode  powders  were  coated  with  aluminum  and 
gallium  using  a  solution  method  with  two-stage  surface  modifi¬ 
cation.  The  cations  (Al3+,  Ga3+)  replaced  Mn3+  in  the  MAG  powder, 
decreasing  the  lattice  constant,  resulting  in  a  shorter  distance  be¬ 
tween  Mn3+  and  Mn4+  and  thus  improving  the  electronic  con¬ 
ductivity  and  increasing  high-C-rate  performance.  The 
LiMn2_x_yAlxGay04  coating  layer  inside  Mn3+  does  not  directly 
contact  the  electrolyte,  reducing  the  precipitation  of  Mn2+  and  thus 
enhancing  the  high-temperature  charge-discharge  cycle  stability. 
A  low  temperature,  the  electrolyte  ionic  conductivity  and  electrode 
conductivity  decrease.  The  LiMn2_x_yAlxGay04  coating  layer  im¬ 
proves  the  low-temperature  characteristics  of  LiMnO  powder 
electrodes. 
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